The effects of endothelium-derived hyperpolarizing factors have been attributed to cytochrome P450-derived epoxyeicosatrienoic acids (EETs), but the regulation and role of EETs in endothelial dysfunction remain largely unexplored. Hypertension is a primary risk factor for renal dysfunction, which is frequently accompanied by various systemic diseases induced by endothelial dysfunction in the microcirculation. We previously reported that the endothelial growth factor midkine (MK) enhances hypertension in a model of CKD. Here, we investigated the hypothesis that MK regulates EET activity and thereby BP. MK gene-deleted mice were resistant to hypertension and developed less glomerulosclerosis and proteinuria after administration of a nitric oxide synthase (NOS) inhibitor in the setting of uninephrectomy. The hypertension observed in uninephrectomized wild-type mice after NOS inhibition was ameliorated by anti-MK antibody. MK-deficient mice produced higher amounts of EETs, and EETs dominantly regulated BP in these mice. Furthermore, MK administration to MK-deficient mice recapitulated the BP control observed in wild-type mice. EETs also dominantly regulated renal blood flow, which may influence renal function, in MK-deficient mice. Taken together, these results suggest that the MK/EET pathway is physiologically engaged in BP control and could be a target for the treatment of hypertension complicated by endothelial dysfunction.
unexplored. Because the vasorelaxation activity of EDHF is especially important in the small arteries, [6] [7] [8] [9] [10] EDHF is considered to play a critical role in organ blood flow and BP, particularly when NO production is compromised. Although there is still ongoing debate on the characteristics of EDHF, it is now accepted that cytochrome P450 (CYP)-derived eicosanoids, epoxyeicosatrienoic acids (EETs), function as EDHFs. [11] [12] [13] However, the physiologic regulation of EETs and the pathogenesis of disorders associated with defects in EETs remain unknown.
The growth factor midkine (MK) has been implicated in various biologic and pathologic events. It promotes tumorigenesis and inflammation, and protects the heart and the brain from infarction. [14] [15] [16] [17] We recently reported that MK enhances hypertension in the 5/6 renal ablation model of CKD by upregulation of pulmonary angiotensin-converting enzyme (ACE). 18 Because MK is expressed by endothelial cells, 15, 18 we hypothesized that MK might play a fundamental role in BP control aside from its role via the renin-angiotensin system (RAS). Here, we found that a model of endothelial dysfunction induced by NOS inhibition showed no difference in the RAS between genotypes, and uncovered that endothelial MK is a physiologic regulator of the release of EETs, and is thus a regulator of EDHF release. Figure 1A ; open and closed triangles). At no time point was there a significant difference between the genotypes.
RESULTS

Hypertension Induced by NOS Inhibition Is Attenuated in
By contrast, the combination of UNx and the NOS inhibitor L-NAME (L+UNx) induced a striking increase in BP in Mdk +/+ mice but not in Mdk 2/2 mice, whose BP was increased only very modestly (DBP 51.5614.2 mmHg in Mdk +/+ versus 17.469.3 mmHg in Mdk 2/2 ) ( Figure 1A ; open and closed circles). The BP of Mdk+/+ was significantly higher than that of Mdk 2/2 after L+UNx. These conclusions from tail-cuff measurements of BP were confirmed by radiotelemetry ( Figure 1 , B and C). However, there was no difference in heart rate between Mdk +/+ and Mdk 2/2 mice (Supplemental Figure 1A ). Systemic administration of anti-MK antibody significantly suppressed the BP elevation induced by L+UNx, supporting the idea that MK was vital in the BP control after L+UNx (Figure 2 ).
Renal Injury under NOS Inhibition Is Dependent on BP
L+UNx induced glomerulosclerosis ( Figure 3 , A and B) and proteinuria ( Figure 3C ) in Mdk +/+ but not Mdk 2/2 mice, whereas BUN was not changed in either group (Table 1) . The weights of the kidney and heart were increased significantly in Mdk +/+ and Mdk 2/2 after L+UNx (Table 1) . To assess the role of hypertension in glomerulosclerosis and proteinuria, mice were treated with hydralazine (0.4 mg/dl in Mdk +/+ , 0.2 mg/dl in Mdk 2/2 ) and L+UNx. Hydralazine reduced BP in Mdk +/+ mice after L+UNx ( Figure 3D ), and ameliorated glomerulosclerosis and proteinuria ( Figure 3 , A-C). We concluded that the kidney injury was dependent on hypertension in this model.
The NO Axis Is Not Involved in the Hypertensinogenic
Action of MK The data indicated that MK was required for the development of hypertension in UNx mice after NOS inhibition. This occurred despite a similar decrease in urinary nitrate/nitrite of L+UNx in Mdk +/+ and Mdk 2/2 mice (Supplemental Figure 2A ). In addition, there were no changes in cyclic guanosine monophosphate, a second messenger of NO (Supplemental Figure 2B ). NO activity can be reduced by reaction with reactive oxygen species; however, there were no genotypic differences associated with changes in SOD activity (Supplemental Figure 2D ) or changes in urine 8-OhdG (Supplemental Figure 2C ), which is a product of reactive oxygen species reaction with deoxyguanosine, in L+UNx mice, and no genotypic differences associated with changes in the expression of Nox and p22phox (Supplemental Figure 2 , E-H). We concluded that although NOS inhibition was required to uncover the role of MK in permitting the development of hypertension in UNx mice, the NO axis itself did not mediate this hypertensinogenic action of MK.
EETs Dominate the BP Control of Mdk 2/2 Mice The failure of NO to explain the effects of MK on BP prompted a study of PGI 2 and EETs. 3 Because the expressions of PGI 2 synthase were similar in Mdk 2/2 and Mdk +/+ mice (Supplemental Figure 3) , we investigated the role of EETs. Remarkably, the urine excretion of 14,15-dihydroxyeicosatrienoic acid (DHET), a metabolite of EETs, was almost twice as high in Mdk Figure 4E , Supplemental Figure 1B) .
We concluded that endogenous MK downregulated the production of EETs, and that overproduced EETs rendered
Mdk
2/2 mice resistant to hypertension, especially after NOS inhibition. To test this hypothesis, Mdk 2/2 mice were pretreated with exogenous human MK, which was found to suppress the BP elevation induced by 14,15-EEZE ( Figure 5, A and B) . Moreover, although a significant difference was not detected, we could observe that MK antibody sensitized Mdk +/+ mice to the EET antagonist, and induced higher BP compared with mice untreated with the antibody ( Figure 5 , A and C). Because there was no difference in MK expression in the kidney between control and L+UNx (Supplemental Figure 4) , steadily expressed MK may be enough for EET production.
The findings that the excretion of the EET metabolite 14,15-DHET was increased in Mdk 2/2 mice ( Figure 4 , A and B), and that both the K Ca channel blocker charybdotoxin and the 14,15-EET competitive analog 14,15-EEZE increased BP in Mdk 2/2 mice ( Figure 4 , C-E) suggested that MK suppresses the generation of EETs, rather than enhancing their metabolism. Indeed, the kidney mRNA expression of soluble epoxide hydrolase (sEH), which is responsible for conversion of biologically active EETs to DHETs, was not changed (Supplemental Figure 5A) .
In humans, CYP2J2 and CYP2C8 are responsible for the production of EETs. 19, 20 However, the responsible epoxygenase remains elusive in mice. We investigated mouse members of CYP2J and 2C families, which might be involved in EET biosynthesis according to the literature. [21] [22] [23] [24] mRNA expression of CYP2C44, CYP2C29, CYP2C38, CYP2J5, CYP2J6, CYP2J9, and CYP2J13 in the kidney were not different between genotypes (Supplemental Figure  5 , B-H). CYP2C39 was not detected by RT-PCR. MK might not control CYP expression directly. So we hypothesized that MK controlled another pathway that affected EET synthesis.
There was a report that the vasodilation of adenosine is induced by the adenosine A 2A receptor (A 2A R), 25 whose effects are mediated via stimulation of EET synthesis. 26 Activation of the A 2A R stimulates EET synthesis, and contributes to vasodilation. 25, 26 Because the A 2A R antagonist ZM241385 induced a striking elevation of BP in Mdk 2/2 but not Mdk +/+ mice (Figure 5D ), we concluded that MK is required to mediate the effect of A 2A R, likely through the generation of EETs.
EETs Promote the Renal Blood Flow of Mdk 2/2 Mice To evaluate the influence of EETs on the kidney, we assessed renal blood flow via intravital imaging by multiphoton excitation microscopy under administration of an EETantagonist. We intravenously injected rhodamine-dextran to see blood flow, since it is known that 70 kD dextran does not penetrate To examine whether the MK/EET pathway is independent of RAS, we utilized an ACE inhibitor model. We administered ACE inhibitor enarapril with the dosage (120 mg/L in drinking water, 16 mg/kg per day) that is reported to fully suppress ACE but does not decrease BP. 27, 28 Even after two weeks of enarapril treatment, Mdk 2/2 mice injected with 14,15-EEZE showed a tendency of BP elevation. (Supplemental Figure 7) .
The other vasoconstrictor produced by endothelial cells, the renal expression of endothelin-1 also was not different between Mdk +/+ and Mdk 2/2 mice after L+UNx (Supplemental Figure 8A ). Renal sodium excretion was also similar (Supplemental Figure 8B) .
By contrast, plasma noradrenaline was significantly higher in Mdk 2/2 than in Mdk +/+ mice ( Figure 7A ), although dopamine and adrenaline were not significantly changed ( Figure 7 , B and C). We observed that the intravenous injection of hexamethonium, a nicotinic acetylcholine receptor antagonist, tended to induce a sharper decrease in BP in Mdk 2/2 mice. On the other hand, no difference in heart rate between Mdk +/+ and Mdk 2/2 mice ( Figure 7D and Supplemental Figure 1C ). These data suggest that enhanced sympathetic nerve activity maintains BP in Mdk 2/2 mice despite elevated EETs. We previously reported that MK was involved in controlling inflammatory cells, especially monocytes and regulatory T cells. 16, 29 Furthermore, activation of immune mechanisms has been implicated in the pathogenesis of many forms of hypertension. 30 Macrophage/monocyte infiltration and tumor necrosis factor-a expression in the kidney were slightly increased after L-NAME administration (not significant), but were not different among genotypes (Supplemental Figure 9 , A and D).
To explore regulatory T cell expansion in the kidney, we investigated Foxp3 and Ctla4 mRNA expression in the whole kidney. Foxp3 and Ctla4 were not different between Mdk +/+ and Mdk 2/2 in the nontreated and L+UNx groups (Supplemental Figure 9 , B and C). Taken together, our data suggest that the immune system may not be involved in the difference between Mdk +/+ and Mdk 2/2 in the L+UNx model.
DISCUSSION
Here, we show that MK suppresses the generation of EETs from endothelial cells. This pathway is physiologically engaged in normal mice, because the BP of Mdk 2/2 mice increases abruptly after blockade of EETsynthesis or signaling. We identified two pathways that together can conceal this potent effect of MK. First, loss of endothelial NO unmasks the upregulation of the endothelial EET/EDHF pathway in Mdk 2/2 mice. Second, ongoing endogenous vasodilation produced by EETs stimulated by MK ablation elicits a compensatory activation of the sympathetic nervous system.
In contrast with the 5/6 kidney ablation utilized in the previous study, 18 NOS inhibition did not show any difference in the RAS between wild-type and Mdk 2/2 mice. Therefore, the function of MK in the endothelial EET/EDHF pathway was clearly manifested after NOS inhibition in this study. The inter-relationship between NO and EDHF has not been fully defined, 3 but the synthesis of EDHF was enhanced after NOS inhibition and was inhibited by supplementation with NO. 31, 32 Endothelium-dependent dilation by NO plays a major role in the large arteries, whereas EDHF exerts a critical effect on the small arteries and arterioles. 10, 33 Mice transgenic for the human CYP2J2 and CYP2C8 genes, which encode EET synthase, are resistant to the effects of NOS inhibition after L-NAME despite normal basal BPs. 34 These data complement our findings that MK regulates the BP response to NOS inhibition in UNx mice by downregulation of EET synthesis. The vasodilation and BP-lowering effect of adenosine are induced by A 2A R, 25 whose effects are mediated via stimulation of EET synthesis. 26 We asked whether MK directly regulated the expression of the adenosine A 2A R in renal endothelial cells. Quantitative RT-PCR revealed that the mRNA expression of the adenosine A 2A R was not affected by MK (data not shown). Therefore, MK may not influence this receptor expression, but probably regulates its function through regulating molecules interacting with or acting downstream of the adenosine A 2A R. Our results highlight that MK regulates this A 2A R-EETs axis, although the underlying mechanisms including the receptor and the intracellular signaling pathways for EETs remain to be explored. 35 MK-deficient mice would be a useful model to study the regulation of EETs.
Endothelial dysfunction is characterized by reduced vasodilation, 36 which in turn leads to the reduction of blood flow. Because EETs are involved in dilation of small arteries, 7, 11, 37, 38 it is supposed that EETs may play a role in the axis of endothelial dysfunction and reduced vasodilation. As shown Figure  6 , an EET antagonist significantly suppressed peritubular capillary blood flow in Mdk 2/2 mice, but not in wild-type mice. This suggests that EETs produced in renal endothelial cells in Mdk 2/2 mice actively promote dilation of small arteries, and consequently not only suppress BP but also promote blood flow of peritubular capillaries that are peripheral to the small arteries. Although EETs can inhibit inflammation, [39] [40] [41] inflammation did not appear to contribute to the phenotype difference in Mdk +/+ and Mdk 2/2 mice in the model utilized (Supplemental Figure 9) . Because it is widely accepted that a reduced renal blood flow leads to glomerulosclerosis and proteinuria, it is conceivable that MK deletion triggers the production of EETs, which in turn prevent renal injury through increasing blood flow and suppressing BP.
Endothelial dysfunction is a critical insult underlying a variety of diseases, including hypertension and CKD, but lacks a targeted therapy. The control of hypertension does not fully restore endothelial function. Although ACE inhibitors and angiotensin receptor blockers can prevent vascular remodeling, 33 they do not fully restore endothelial function, perhaps because of the "aldosterone-escape phenomenon." 42, 43 Therefore, a novel drug for endothelial dysfunction has been awaited, and endothelium-derived vasodilators such as EETs are intriguing targets. 44 EETs can reduce BP by a combination of a reduction in renal tubular sodium reabsorption [45] [46] [47] and dilation of blood vessels. 7, 11, 37, 38 EETs also inhibit inflammation and platelet aggregation. [39] [40] [41] Thus, MK-targeted therapy may treat not only hypertension, but also other diseases complicated by endothelial dysfunction, such as cardiovascular diseases, cerebrovascular diseases, CKD, and diabetes.
The three principal eicosanoid pathways in the arachidonate cascade are the cyclooxygenase, the lipoxygenase, and the CYP pathway. 35 The CYP pathway is composed of two enzymatic pathways: hydroxylases and epoxygenases. The CYP hydroxylases generate hydroxyeicosatetraenoic acids, which are proinflammatory and cause vasoconstriction. On the other hand, CYP epoxygenases generate EETs, which are metabolized to the inactive DHETs by sEH. Therefore, the inhibition of sEH should increase EETs, and exert beneficial effects. Indeed, sEH inhibitors have been developed and shown to reduce BP. 35, 48 However, one study demonstrated that a sEH inhibitor increased not only EETs but also 20-hydroxyeicosatetraenoic acid, and did not achieve sufficient beneficial effects, 49 which raises concern about the therapeutic potential for sEH inhibitors. Our study has demonstrated that anti-MK antibody ameliorates hypertension induced by NOS inhibition, and has identified MK as another potential target to regulate EETs that could be a target for the treatment of hypertension associated with endothelial dysfunction.
CONCISE METHODS
Animals
Animal care and experimental procedures were approved by the Animal Experimentation Committee of the Nagoya University Graduate School of Medicine and were conducted according to the Nagoya University Regulations for Experiments. Mice deficient in Mdk were generated as previously described. 50 Mdk +/2 mice of 129sv background were mated, and littermates obtained were divided into two groups (Mdk +/+ and Mdk 2/2 ) for experiments. Mdk +/2 mice were not used for experiments. Experiments were performed on 10-to 14-week-old male mice weighing 25-35 g that were housed under controlled environmental conditions and maintained with standard food and water. 
MK Protein and Anti-MK Antibody Preparation
Recombinant human MK and goat polyclonal antibody against MK were produced from yeast as previously described. [51] [52] [53] L-NAME Model
Mice were randomly assigned to one of the following four groups: nontreatment, UNx, L-L+UNx, or hydralazine administration with L-NAME after UNx (Hyd). UNx was performed as previously described. 18 In the L+UNx group, L-NAME (Sigma-Aldrich) administration was started at a dose of 1 mg/ml in drinking water on the day of UNx. The Hyd group received L-NAME plus hydralazine (Sigma-Aldrich) in drinking water after UNx. We adjusted the dose of hydralazine while maintaining a normal BP (0.4 mg/dl in Mdk +/+ mice, 0.2 mg/dl in Mdk 2/2 mice). We quantified drug uptake by weighing the drinking bottles and calculating daily water intake. During the treatment, water intake averaged 160.3619.2 ml/kg body wt per day in the L+UNx group of Mdk +/+ mice, 166.3616.8 ml/kg body wt per day in the L+UNx group of Mdk 2/2 mice, 151.0624.5 ml/kg body wt per day in the Hyd group of Mdk +/+ mice, and 147.5619.7 ml/kg body wt per day in the Hyd group of Mdk 2/2 mice, and there was no statistically significant difference among genotypes. BP was assessed as the mean value of eight consecutive measurements using a tail-cuff sphygmomanometer (BP-98A; Softron) at 2 weeks and 1, 2, 3, and 4 months as previously described. 18 Eighteen-hour urine samples were collected every 4 weeks in metabolic cages.
Mice were euthanized at 4 months and the kidney, lung, heart, and aorta were removed rapidly, and processed for histology, protein extraction, and RNA extraction. For protein extraction, each sample was snap-frozen in liquid nitrogen, and stored at 280°C. Serum were separated by centrifugation (500g for 10 minutes) and stored at 280°C.
Urinary albumin was quantified by an ELISA (Albwell M; Exocell Inc.), and urinary creatinine was quantified by the Jaffé method (Creatinine companion; Exocell Inc.).
BP Monitoring by a Radiotelemetry System
BP was measured in conscious, unrestrained mice by radiotelemetry using an indwelling transducer-tipped catheter (TA11PA-C10; Data Sciences International) according to the manufacturer's instructions. The mice were allowed to recover from surgery for 2 weeks, and then the BP and heart rate measurements for pretreatment were obtained continuously for 2 days, and UNx was performed. At 2 weeks after UNx, BP measurements for UNx were obtained continuously for 2 days, and then L-NAME administration in drinking water (1 mg/ml) was started. Continuous recordings for 2 days were performed at 2 weeks and 1 and 2 months after L-NAME was started. The values for 2 days were averaged for statistical comparison across genotypes.
Hypertension Treatment with Anti-MK Antibody
At 2 weeks after surgical insertion of a transducer-tipped catheter, BP measurements for pretreatment were obtained. L-NAME administration (1 mg/ml) was started on the day of UNx. At 4 days after L+UNx, anti-MK antibody (5.0 mg/h) or goat IgG (Abcam, Inc.) (5.0 mg/h) as a control was infused into mice using osmotic pumps (1007D; Alzet). One day after administration of MK antibody or IgG, BP was measured.
Histology
The removed kidneys were fixed in 10% formalin and embedded in paraffin. The sections were stained with periodic acid-Schiff and Masson's trichrome. High-power fields were used to examine the sections for evidence of focal sclerosis. The semiquantitative glomerular sclerosis score was calculated by counting 100 glomeruli under 3400 magnification (grade 0 to +4) and summing the grades for each kidney as follows: grade 0, no sclerosis in the glomerulus; grade 1, sclerosis of up to 25% of the glomerulus; grade 2, sclerosis of 25%-50% of the glomerulus; grade 3, sclerosis of 50%-75% of the glomerulus; and grade 4, sclerosis of 75%-100% of the glomerulus. 18 
14,15-DHET Measurements
The concentrations of urine and medium 14,15-DHET were determined by an ELISA kit (Detroit R&D, Inc.).
In Vivo EET Antagonist Injection Experiment
Charybdotoxin (Peptide Institute, Osaka, Japan) was dissolved with saline. 14,15-EEZE (Cayman Chemical) in ethanol was evaporated under a gentle stream of nitrogen to change the solvent and supplemented with DMSO, and then diluted with saline to a final concentration of 0.02 mg/ml in 2% DMSO. The adenosine A 2A R blocker, ZM 241385 (Sigma-Aldrich), was dissolved in DMSO and diluted further with saline to a final concentration of 100 mg/ml in 5% DMSO. A transducer-tipped catheter was surgically inserted into 10-to 12-week-old male mice as described above, in order to record BP simultaneously with drug injection. We started the experiments 24 hours after the surgery. After stabilization of BP by 15 minutes of anesthesia with pentobarbital (50 mg/kg body wt, intraperitoneally), each of the following drugs was injected into a tail vein at the indicated dose: charybdotoxin, 0.4 mg/kg body wt intraperitoneally; charybdotoxin, 75 mg/kg body wt intraperitoneally; 14,15-EEZE, 140 mg/kg body wt intraperitoneally; and ZM 241385, 5 mg/kg body wt intraperitoneally. 
Primary Endothelial Cell Isolation
Kidneys from young adult Mdk +/+ and Mdk 2/2 mice were harvested for isolation of primary endothelial cells, as previously described. 34, 54 After reaching confluence, cells were washed with PBS and cultured for 12 hours in FBS-free medium. These cells were exposed to 10 mM Ca 2+ ionophore (A23187; Wako, Osaka, Japan) for 15 minutes to stimulate AA release, and then the cells and medium were harvested.
Multiphoton-Intravital Renal Peritubular Capillary Imaging
Intravital microscopy of mouse kidney was performed using a protocol modified from a previous report. 55 Mice were anesthetized with pentobarbital (40 mg/kg body wt, subcutaneously), and the animals were placed on a heating pad to maintain a constant body temperature (37°C). The hair in the back was removed with hair removal lotion. Left flank incisions were made, and the left kidney was moved out. A 24G indwelling cannula (Thermo Fisher Scientific) was placed into the tail vein. The kidney was immobilized in a custom-made holder. The imaging system was composed of an A1R MP multiphoton microscope (Nikon), driven by Mai Tai Deep See (Newsport) tuned to 830 nm, and an upright microscope equipped with a 325 water immersion objective (Apo LWD 253/1.10W; Nikon).Vessels were visualized by intravenous injection of 70 kD Rhodamine conjugated-dextran (Invitrogen) detected using a 595/50 nm filter. Tubular cells were detected by intrinsic fluorescence through a 525/50 nm filter (for FITC). Image stacks were acquired at 3 mm z-spacing to cover a volume of 509.123509.12312.0 mm. Before 14,15-EEZE (166 mg/kg body wt) was injected into the tail vein, the image at 0 minutes was taken. Time-lapse images were acquired at 5 minutes, and 15 minutes after 14,15-EEZE injection. Quantitative analysis of capillary volume was calculated using Imaris software (Bitplane).
Sympathetic Nervous System Evaluation
Blood was obtained from 10-to 14-week-old male nontreated mice, and serum catecholamines were measured by SRL, Inc. (Tokyo, Japan).
Under BP monitoring with a radiotelemetry system as described above, anesthesia with pentobarbital (30 mg/kg body wt, intraperitoneally) was administered for 7 minutes, and then a ganglionic blocker, hexamethonium, was injected into the tail vein (15 mg/kg body wt).
Statistical Analyses
Results are expressed as the mean6SEM. Statistical difference was assessed by a one-way ANOVA followed by a post hoc Tukey-Kramer ). Data are presented as the mean6SEM. NAD, noradrenaline; DOPA, dopamine; AD, adrenaline; sBP, systolic BP. test for multiple comparisons, and by an unpaired t test for comparisons between two groups. Longitudinal data such as BP were analyzed with a linear mixed-effects model including treatment group, measurement time, an interaction term between them, and baseline value. P,0.05 was considered statistically significant.
